INTRODUCTION
A steep latitudinal gradient of solar ultraviolet-B radiation exists in the arctic-alpine life zone, even though daily total solar radiation during the growing season is about the same at all points along the gradient . Although the UV-B (280 to 320 nm) radiation reaching the earth's surface comprises less than 0.5%o of the total solar energy, it is of potential biological significance for plants because radiation in this waveband can damage nucleic acids and proteins (Caldwell, 1971) . Ultraviolet radiation equivalent to that currently received in temperate regions has been demonstrated to depress photosynthetic rates and curtail leaf expansion of some plant species (Bogenrieder and Klein, 1977; Sisson and Caldwell, 1977 The arctic-alpine life zone extending along the Cordillera from northern Alaska to the high Andes provides a series of ideal sites to observe adaptation to UV-B radiation in plant species of similar growth form and phylogenetic affinity. Solar UV-B radiation increases both with decreasing latitude and with increasing elevation. During the season of maximum solar radiation, the daily biologically effective solar UV-B is seven-fold greater at low-latitude, high-elevation sites than in the Arctic ). This gradient is as great as can be expected on the earth's surface.
One indication of plant adaptation to solar UV-B radiation along this gradient is manifested in leaf optical properties. Transmittance of UV-B radiation through the leaf epidermis of species from high-elevation sites in Peru, Venezuela, and Hawaii were reported to be consistently less than 20/o, while transmittance was quite variable in species from lower elevation temperate and arctic sites . Epidermal UV-B transmittance of these higher latitude species ranged from less than 2% to as high as 257o. Apparently, the selective pressure for substantial epidermal attenuation of UV-B has not been as great in these higher latitude regions where solar UV-B flux is lower.
Although effective epidermal UV-B attenuation may compensate to some extent for the high solar UV-B irradiance in low-latitude regions, the inherent UV radiation sensitivity of species from different parts of the latitudinal arctic-alpine gradient may also differ. In this study, we investigated depression of photosynthesis by UV-B irradiation in arctic species and closely related species or ecotypes from alpine regions. Acclimation potential to higher UV-B flux was also tested.
METHODS
Populations of several arctic and alpine species were cultivated from seed collected at sites along the latitudinal gradient and the experimental tractability of these was investigated. Subsequent study focused primarily on arctic and alpine ecotypes of Oxyria digyna. Species pairs of Taraxacum and Lupinus from arctic and equatorial alpine sites as well as a few other species from the latitudinal gradient were also utilized. Due to leaf characteristics, not all of these species were suitable for all the measurements or experiments. Nomenclature and areas of seed collection follow. The plants were grown in environmental growth chambers under 6000-W xenon lamps with supplemental UV radiation from fluorescent UV "sunlamps" (Westinghouse FS-40) covered by plastic film filters. Visible irradiance (400 to 700 nm) was approximately 550 tumoles * m-2 * s-~ during the 14-h photoperiod. With different filters, the UV-B component could be altered to provide different treatments (Figure 1 ). The lamp system has been previously described (Sisson and Caldwell, 1975) .
The spectral composition of the irradiance in the chambers approximated that of the terrestrial solar spectrum. However, a simple comparison of total UV-B flux between the chambers and the natural environment is not warranted because of differences in spectral composition and the pronounced wavelength dependence of biological photoreactions in the UV-B waveband. Therefore, in order to relate UV-B radiation properly in these experimental chambers to conditions in nature, the spectral irradiance in each case was multiplied by a weighting function which describes its potential to effect biological photoreactions. This weighted irradiance, integrated with respect to wavelength, is termed biologically effective UV-B irradiance. It is expressed in units of effective milliwatts per square meter. A generalized plant action spectrum (Caldwell, 1971 ) was used as a weighting function in these calculations. Ultraviolet spectral irradiance was measured with a modified grating spectroradiometer system . Total photon flux in the visible waveband (400 to 700 nm) was measured with a quantum sensor (LiCor Co.).
Plants were cultured in the low UV-flux chambers under a very low background UV-B irradiance of 7 effective mW ? m-2 during the entire photoperiod (Figure 1) . Even in the Arctic, the vegetation would receive this quantity of UV-B radiation on a daily basis (353 effective J * m-2 ? d-') on cloudless days during the growing season. As a high UV-B radiation pretreatment in another chamber, an additional 116.5 effective mW * m-2 was given during the middle 6 h of the photoperiod by fluorescent UV lamps filtered with cellulose acetate plastic film (Figure 1 ). The total daily dose of 2870 effective J * m-2 ? d-' is close to the maximum total daily UV-B irradiation in high-elevation equatorial environments . Very high flux irradiation from an unfiltered fluorescent sunlamp was employed in short-term experiments to test plant sensitivity to UV-B radiation. Although this irradiation is substantially greater than that received in low-latitude, high-elevation environments and includes a small amount of radiation below 290 nm, it does provide a short-term irradiation test to assay photosynthetic and epidermal damage with high experimental repeatability. These sensitivity tests were conducted on fully expanded leaves of established plants, while the remainder of the plant was shielded from UV irradiation. Sensitivity assays for photosynthetic inhibition and epidermal damage were conducted on plants taken directly from the low UV-B flux environmental chamber and in some experiments also on plants which had received a 2-wk pretreatment period in the high UV-B flux chamber.
Photosynthesis and transpiration of individual leaves were simultaneously measured in a plant gas exchange system before and after a 15-h, very high UV-flux irradiation. In this gas exchange system, CO2 and water vapor concentrations were measured by infrared gas analysis (Beckman Instruments, Inc.) and capacitance humidity sensors (Vaisala Co.), respectively. Flow rates were determined with a pneumotachometer ( threshold UV-B dose required for minimal perceptible epidermal damage. A template system was employed with small test strips on the leaf surface exposed to a range of irradiation exposure times. The damage was assessed microscopically as glazing or slight bronze coloration of the epidermal surface 24 h after the exposure period. The epidermal UV transmittance of leaves was determined on freshly removed epidermal tissue segments using an integrating sphere/spectroradiometer system (Robberecht and Caldwell, 1978) . Intact fresh epidermal tissue of sufficient size for analysis (3 mm in diameter) could be removed from only a few of the test species. Both arctic and alpine ecotypes of Oxyria digyna were particularly tractable for this analysis. As an estimate of the capacity of leaf pigments to absorb UV-B radiation, methanol-water-HC1 extracts of leaf tissues were assayed for absorbance at 305 nm in a spectrophotometer. These pigments were primarily of the flavonoid group, although a few other compounds that absorb UV-B were included in this extract (Caldwell, 1968; Wellmann, pers. comm., 1981) . Measurements of epidermal UV transmittance and pigment absorbance were made on fresh, turgid leaves that were not exposed to inactivating UV radiation.
Fluorescence The sensitivity of these species for epidermal damage is indicated as the number of hours of UV irradiation required to elicit minimal damage in 50% of the leaves of each species (Table 1) . This level of damage was calculated from linear regressions for the leaf series in each experiment. (The average coefficient of determination, r2, for these regressions was 0.95.) For the ecotypes of Oxyria digyna and the Lupinus species pair, leaf epidermal damage was exhibited significantly sooner for leaves of the arctic plants than of plants from alpine areas when the 50% levels from these experiments were compared in a one-way analysis of variance (p < 0.05). However, when comparing the entire group of arctic and alpine species tested, there was no statistically significant difference. As with photosynthetic inhibition, a second experimental series was conducted to determine if pretreatment at a high UV-B irradiation for 2 wk would mitigate the sensitivity for epidermal damage. The results of this second series were essentially identical to those of the first series and indicated no statistically significant reduction of sensitivity due to the high UV-B radiation pretreatment in any of the species.
The mean spectral UV transmittance of epidermal tissues from arctic and alpine ecotypes of Oxyria digyna is shown in Figure 3 along with the average whole-leaf pigment (flavonoid) content expressed as extract absorbance at 305 nm. The difference in UV-B epidermal transmittance between the two ecotypes was proportionately greater than the difference in UV-B-absorbing pigment concentrations of entire leaves. In addition to flavonoid absorption in epidermal cells, differences in epidermal UV transmittance may be attributed to epidermal thickness, cuticular characteristics, and other cellular compounds. Thus, a direct correlation between epidermal transmittance and whole-leaf pigment concentrations would not be expected. Nevertheless, the lower epidermal UV-B transmittance of alpine ecotypes may be in part due to greater quantities of leaf flavonoids.
To determine if the greater sensitivity of arctic ecotypes of Oxyria digyna is attributable simply to differences in attenuation of UV radiation in the leaf epidermis, the relative photosynthetic inhibition and epidermal damage of arctic and alpine ecotypes were adjusted to account for UV-B epidermal transmittance in Figure 3 . Since epidermal UV-B transmittance is a measure of the attenuation of UV-B radiation within the epidermis, the degree of epidermal damage is related to epidermal transmittance. Similarly, UV-B radiation-induced damage to photosynthesis would be related to the amount of UV-B radiation which penetrates through the epidermis. aThe total number of plants tested for each species is also indicated (n). Ecotypes of Oxyria digyna and the species of Lupinus differed significantly (p<0.05). (Figure 2) , exhibited a significant decrease in the I-P transient interval following the UV irradiation (Table 2) . In contrast, a significant UVinduced photosynthetic depression in alpine ecotypes of Oxyria was not accompanied by a decrease of the I-P interval. Thus, the nature of damage to the photosynthetic system of arctic and alpine ecotypes appeared to differ qualitatively as well as quantitatively.
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DISCUSSION
As might be anticipated from the steep latitudinal gradient of biologically effective solar UV-B radiation in the arctic-alpine life zone, arctic species appear to be inherently more sensitive to UV radiation than alpine species from lower latitudes. Furthermore, based on the comparison of arctic and alpine ecotypes of Oxyria digyna, the inherent difference in sensitivity appeared not to be simply a matter of a difference in UV-shielding of the mesophyll tissues by the epidermis (Figure 3) . These results differ from the studies of Van et al. (1977) who reported that the UV-B inhibition of several component photosynthetic reactions of isolated chloroplasts was the same for three species which varied considerably in UV-B inhibition of net photosynthesis for intact leaves. They concluded that ultraviolet screening by outer plant tissue layers was apparently the sole determinant of differences in UV sensitivity of these species. Some of the difference in sensitivity of the ecotypes of Oxyria may be due to arrangement of chloroplasts and UV absorbing compounds within the mesophyll. Yet, the large difference in photosynthetic inhibition which was still apparent after adjustment for UV-B radiation reaching the mesophyll tissues (Figure 3 ) and the qualitative differences in photosynthetic damage indicated by fluorescence transients ( Table 2 ), suggest that the difference in radiation sensitivity between arctic and alpine ecotypes of this species involves more than simply unequal radiant flux reaching physiological targets in the chloroplasts. The photosynthetic UV-radiation sensitivity of the leaf mesophyll appears to be inherently different in arctic and alpine ecotypes of Oxyria.
In contrast, for epidermal damage, an adjustment for UV epidermal transmittance indicated similar damage thresholds for arctic and alpine populations (Figure 3) . Epidermal tissue damage has been shown to be photoreactivable, i.e., the lesions are greatly lessened if the leaf is exposed to visible radiation concomitant with or immediately following the UV-B irradiation (Caldwell, 1968; Cline et al., 1969) . Since photoreactivation is specific to the repair of nucleic acid damage (Setlow, 1966 The higher dose rates and the somewhat different wavelength composition of the irradiation used in these experiments (Figure 1 ) likely caused greater photosynthetic depression in these experiments than would be anticipated in the field even in low-latitude, high-elevation regions. The short-term high flux UV irradiation in these experiments was employed to effect large depressions in photosynthesis in order to elicit clear differences in sensitivity among ecotypes and species. Thus, the complicating factors affecting photosynthesis such as leaf aging that would occur if the same UV dose was administered over a longer period of time were avoided. (If the same biologically effective dose was provided at rates to be expected in low-latitude, high-elevation environments, it would take nearly 3 d to deliver the dose used in the photosynthesis depression experiments-7965 effective J * m-2.) Another reason why plants in the field may be less affected by solar UV irradiation than in these experiments is that epidermal transmittance of species examined in the field has been shown to be lower than when the same species are grown under artificial conditions (Robberecht and Caldwell, 1978; Robberecht et al., 1980) . Although solar UV-B radiation is likely not a major constraint on primary productivity in alpine areas at present, the consistently large difference in photosynthetic damage between ecotypes or species pairs at different locations on the latitudinal gradient of the arctic-alpine life zone (Figure 2 ) and the consistently low UV epidermal transmittance at low latitudes suggest solar UV-B irradiation has been an evolutionary selective force in at least a portion of this life zone.
Atmospheric ozone depletion would lead to enhanced solar UV-B radiation flux at all locations on the latitudinal gradient. Whether plant species can adapt to yet higher UV-B flux in the time frame of a few decades over which much of the ozone depletion is predicted to occur (National Academy of Sciences, 1979 ) is an open question. Short-term UV radiation pretreatments as employed in these experiments yielded no apparent acclimatization for most species. Nevertheless, prolonged pretreatment regimes might elicit an adaptive response. The apparent genetically based components of UV radiation sensitivity in the photosynthetic systems of arctic and alpine ecotypes would likely be much slower to respond to the process of natural selection.
